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Apoptotic Mechanisms in Acute Renal Failure 

Norishi Ueda, MD, Gur P. Kaushal, PhD, Sudhir V. Shah, MD 



It has been generally accepted that a catastrophic breakdown of 
reflated cellular homeostasis, known as necrosis, is the mode 
(/cellular injur)' in various forms of acute renal failure. One of 
the major advances in our understanding of cell death has been 
the recognition that the pathways traditionally associated with 
apoptosis as described in the landmark study by Kerr Wyll.e, 
and Currie in 1972 may be very critical in the form of cell injury 
associated with necrosis. The pathway that is followed by the cell 
varies w.th both nature and severity of insults and may evolve 
from an apoptotic to a necrotic form of cell death. It is also likely 
that there are some common pathways that are shared and reg- 



ulated in the two modes of cell death. In this review, we first 
describe evidence for the role of apoptotic pathways in ischemic 
acute renal failure, and then consider the potential mechanisms 
that mav participate in this model of acute renal tubular injury. 
We then summarize the current information of apoptotic path- 
ways related to other common causes of acute renal failure in- 
cluding endotoxin-induced, toxic acute renal failure and trans- 
plant rejection. A better understanding of the mechanisms of 
apoptosis could lead to safer and more specific therapeutic in- 
terventions for acute renal failure. Am J Med. 2000;108: 
403-415. ©2000 by Excerpta Medica, Inc. 



The mortality in patients with acute renal failure has 
remained unchanged since the mid-1960s and re- 
mains high at approximately 50%. It is unlikely 
that the high mortality rate of the disease will be reduced 
until we have a better understanding of the cellular and 
molecular mechanisms of renal tubular cell injury and 
recovery. It has long been recognized that in acute renal 
failure induced by ischemia, endotoxemia, nephrotoxins, 
or other causes, renal tubule cells die in a catastrophic 
breakdown of regulated cellular homeostasis, known as 
necrosis. In this form of cell death, cells swell and lose 
plasma membrane integrity, thereby releasing a variety of 
inflammatory mediators by rupture of the cells (1-3). 
The general concepts of apoptosis have been covered in 
other reviews in this journal. Over the last decade there is 
an accumulating evidence suggesting the contribution of 
apoptosis, as originally described in the landmark paper 
by Kerr et al (1) in 1972, to the pathogenesis of a wide 
variety of human diseases (4). 

One of the major advances in our understanding of 
cell death has been the recognition that the pathways 
traditionally associated with apoptosis may be very 
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critical in the form of cell injury associated with necro- 
sis. Along with the rapid increase in the number of 
publications and interest in the study of cell death has 
come some confusion of the terminology. In oar view, 
the term apoptosis should be applied only when there 
are morphological criteria as described in the original 
paper by Kerr et al ( 1 ). In apoptosis, nucleus and cyto- 
plasm condense, and dying cells often explode into a 
series of membrane-bound condensed apoptotic bod- 
ies ( 1-3). Cytoplasmic organelles including mitochon- 
dria are largely intact, and affected cells are phagocy- 
tized by macrophages or adjutant viable cells with little 
leakage of cellular contents, thus evoking minimal in- 
flammation. DNA fragmentation resulting from endo- 
nuclease activation has been considered as one of the 
biochemical hallmarks of apoptosis and was often 
equated with apoptosis because it was invariably asso- 
ciated with apoptosis. This also led to the earlier belief 
that both chromatin condensation and DNA fragmen- 
tation were a result of endonuclease activation. How- 
ever, recent studies equating DNA fragmentation with 
apoptosis are problematic because of the following: 
chromatin condensation and DNA fragmentation are 
regulated by different metabolic pathways [cited in 
(3)]; apoptosis can occur in the absence of DNA frag- 
mentation (3); and DNA fragmentation often occurs 
with morphologic evidence of only necrosis. 

It is likely that many features of the cell-signaling pro- 
cess leading to the apoptotic form of cell death are shared 
with those associated with the necrotic form of cell death. 
The pathway that is followed by the cell is dependent on 
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Outcome Recovery Apoptosis Necrosis 



Figure 1. Outcome of renal tubular epithelial (RTE) cells following noxious insult, (From: Ueda N, Shah S^Role of endonucleases 
•nTnal tubular epithelial cell injury. Experimental NephraL 2000;8:8-13. Repnnted w*h ^mission of Karger.) 



both the nature and severity of insults, evolving from ap- 
optotic to necrotic cell death. Thus, it is now recognized 
that the same insult in a mild form can lead to apoptosis 
and when severe can lead to necrosis (Figure 1). As an 
example, the several recent studies showed that mild de- 
pletion of adenosine triphosphate (ATP) induces apo- 
ptosis and severe depletion leads to necrosis (5-7), indi- 
cating that severity of stimuli determines the cell fate. In 
this review, we first describe evidence for the role of apo- 
ptotic pathways in ischemic acute renal failure, and then 
consider the potential mechanisms that may participate 
in this model of acute renal tubular injury. We then sum- 
marize the current information on apoptotic pathways 
related to other common causes of acute renal failure 
including endotoxin-induced and toxic acute renal fail- 
ure and transplant rejection. Other reviews on the role of 
apoptosis in renal tubular cell injury have also been pub- 
lished (3,8). 

EVIDENCE FOR APOPTOTIC 
MECHANISMS IN ACUTE RENAL FAILURE 

Ischemic Acute Renal Failure 
It has long been recognized that necrosis is a major form 
of cell death associated with ischemic acute renal failure. 
However, there is accumulating evidence indicating a 
role of apoptotic pathways in in vitro and in vivo models 



of acute renal failure (Table 1). One of the first studies to 
document the occurrence of apoptosis in ischemic acute 
renal failure was a study by Schumer et al (9) in which 
apoptosis was observed in rat kidney cortex 1 2 hours after 
reperfusion. Since then there are a number of studies in 
which the DNA laddering and/or morphologic change of 
apoptosis have been described in ischemia/reperfusion 
injury to kidneys (10-14). Based on the information in 
the literature, the in vivo studies of ischemia/reperfusion 
so far demonstrate apoptosis only during the reperfusion 
period. 

In general, the in vitro studies have shown apoptosis 
and DNA fragmentation in renal tubular cells during 
hypoxia as well as reoxygenation. Recent studies have 
shown DNA fragmentation in isolated perfused rat kid- 
neys subjected to hypoxia (15), and apoptosis in renal 
tubule cells including LLC-PK1 cells (7), MDCK cells (6, 
7), and mouse proximal tubule cells subjected to chemi- 
cal hypoxia (16), as well as rat kidney proximal tubules 
subjected to ATP depletion (17). In our previous studies, 
we demonstrated that hypoxia/reoxygenation injury re- 
sults in DNA fragmentation without morphologic evi- 
dence of apoptosis in isolated rat proximal tubules (18). A 
similar finding has been reported after in vivo ischemia/ 
reperfusion injury in which DNA fragmentation is asso- 
ciated with morphologic features of necrosis rather than 
apoptosis (19). 
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Table 1. Evidence for Apoptosis Based on In Vitro and In Vivo Models of Ischemic Acute Renal Failure 

DNA Apoptotic 
Source Fragmentation Morphology 



Comments 



References 



In Vitro 

Hypoxia/reoxygenation Rat TEC 

MDCK, LLC-PK1 
Mouse PTC 

In Vivo 

Ischemia/reperfusion Rat 
Rat 



Rat 
Rat 
Rat 



Rat 

Human allograft 



+ 

+ 
+ 



+ Severe oxygen depletion causes necrosis. 6 
-r Longer ATP depletion causes necrosis. 6,7 
+ Maxima] ATP depletion causes necrosis. 16 

+ Apoptosis occurs after reperfusion. 9 
•f Apoptosis occurs in TAL after 12 

reperfusion. Fas increases in TAL and 

DTC. 

DNA damage occurs in TAL. 15 
DNA damage occurs after reperfusion. 1 1 

Apoptosis occurs during reperfusion 14 
with increased p53 and c-myc. 
Calcium blockade prevents apoptosis. 
c-myc and c-fos increase during 10 
reperfusion. 

DNA damage occurs in tubules of 117 
cadaveric kidney during reperfusion 



TEC = tubular epithelial cells; MDCK = canine kidney distal tubular cell line; LLC-PK1 = porcine kidney proximal tubular cell line; ATP 
adenosine triphosphate; PTC = proximal tubule cell; TAL = thick ascending limbs; DTC = distal tubule cells. 



POTENTIAL MECHANISMS AND 
MODULATORS OF APOPTOSIS IN 
ISCHEMIC ACUTE RENAL FAILURE 

The potential role of apoptotic pathways in a model of 
injury has generally been delineated based on morpho- 
logic changes of apoptosis or the presence of DNA frag- 
mentation. These appear to be terminal events in the ap- 
optotic pathway. In the last few years there is a large body 
of the literature examining the signaling pathway, which 
either initiates or modulates apoptosis. In the following 
section, we describe an overview of apoptotic mecha- 
nisms derived from observations from other model sys- 



tems (Figure 2) and describe specific observations that 
have been reported related to acute renal failure. 

Cell Surface Receptors 

The best characterized cell surface "death receptors" are 
the members of the tumor necrosis factor (TNF) super- 
family, including Fas (also called CD95 or Apo 1) and 
TNFRI ( also called p55 or CD 1 20a) (20,2 1 ). A cell surface 
molecule, Fas ligand (FasL), binds to Fas receptor and 
TNF binds to TNFRI. This ligation leads to clustering of 
the receptors' death domains that recruit their adaptor 
proteins, which bind to the initiator procaspase-8 
through the death domains forming a death-inducing 
signaling complex. This ligation between cell death recep- 



Pro-apoptotic oncogenes 
(p53, c-myc, c-fos, c-jun) 




Ceramide 
etc. 



Figure 2. Simplified schema of potential mechanisms of apoptosis in acute renal tubular injury. 
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tor, adaptor molecules, and the initiator procaspase re- 
sults in activation of caspases (see below). Renal tubule 
cells express Fas (22) and TNF-a (23) and addition of 
TNF-a to renal tubule cells has been shown to induce or 
enhance apoptosis (24,25), indicating that TNF-a-inm- 
ated apoptotic pathway may be involved in renal tubular 
injury. In fact, TNF-a level has been shown to be in- 
creased in regenerative tubules in ischemia/reperfusion 
injury (26). Similarly, anti-Fas antibodies have been 
shown to induce apoptosis in renal tubule cells (22,27). 
The expression of Fas and FasL has been shown to be 
increased in distal tubules of the outer medulla in mice 
ischemic kidney after reperfusion, and the number of ap- 
optotic cells was significantly reduced in Ipr/lpr B6 mice 
with low Fas level as compared with wild- type B6 mice 
(12). These data indicate the potential of Fas-dependent 
cell signaling in apoptosis associated with acute renal tu- 
bular injury. Additionally, the proapoptotic hgand Siva 
for CD27, another member of the TNF superfamily, has 
been shown to be increased in proximal tubule cells of 
ischemic kidneys after reperfusion (13), although its role 
in renal injury is not known. Taken together, these data 
suggest that after an insult, the binding of ligands to the 
TNF superfamily of cell surface receptors occurs and 
thereby has the potential to initiate the apoptotic process 
in ischemic acute renal failure. 

Growth Factors 

Cells require growth factors for their survival, and defi- 
ciency of these factors induces apoptosis. The simplest 
example is that renal tubule cells in serum-free media 
undergo apoptosis and are rescued when epidermal 
growth factor (EGF) or high-dose insulin is repleted (5). 
Although the mechanisms of growth factors in modulat- 
ing apoptosis are not precisely known, the deficiency of 
these factors has been shown to trigger the ligation of cell 
surface receptors, alteration of proapoptotic and anti- 
apoptotic oncogenes, and other mediators of the apopto- 
tic signaling pathway. 

Alteration of expression of growth factors and their 
receptors has been reported in various kidney diseases. 
For example, the level of epidermal growth factor (EGF) 
has been shown to be decreased during the early phase of 
reperfusion following ischemia, and it returns to the basal 
level during the recovery phase of ischemia/reperfusion 
injury (28). Similar changes in the level of EGF have been 
reported in urine from humans with acute renal failure 
(29). On the other hand, hepatocyte growth factor (HGF) 
has been shown to be increased in ischemia/reperfusion 
injury (30) and in the urine of patients with acute renal 
failure (31). HGF has been shown to rescue apoptosis in 
other cells by interfering in the Fas pathway (32). Recent 
studies demonstrated that these growth factors accelerate 
the recovery of ischemic acute renal failure (33,34), indi- 
cating that alteration of growth factors plays an impor- 



tant role in apoptosis as well as in regeneration associated 
with ischemic renal tubular cell injury. 

In contrast, one of the growth factors, transforming 
growth factor-01 (TGF-01), has been shown to induce 
apoptosis in renal tubule ceils in vitro (35) and in the 
kidney of transgenic mice in vivo (36). The level of 
TGF-/31 has been demonstrated to be increased in isch- 
emia/reperfusion (37). Although the role of this growth 
factor is not clear in ischemic acute renal failure, the bal- 
ance between TGF-J31 that functions as a proapoptotic 
effector and other growth factors that protect against ap- 
optosis may be a crucial determinant for cytotoxicity of 
this model of injury. 

Proapoptotic and Antiapoptotic Oncogenes 
Within cells, there is a machinery consisting of proapop- 
totic oncogenes (p53, c-myc, c-fos, and some members of 
bcl-2, bax, or bad) that promote apoptosis (Figure 2) and 
antiapoptotic oncogenes (bcl-2 and bcl-X L ) that function 
as suppressors of apoptosis, and the balance between 
these oncogenes maybe a determinant of apoptosis or cell 
survival. The tumor suppressor gene p53 is involved in 
cell cycle arrest, apoptosis, control of genome integrity, 
and DNA repair (38,39). Under some conditions, p53 
induces transcriptional transactivation of effector genes 
of apoptosis including p53-responsive proapoptotic 
genes, bcl-2 antagonist bax, Fas, and other mediators 
(38-40). Activation of nuclear gene p53 in response to 
DNA damage results in either apoptosis or cell cycle ar- 
rest through inhibition of cyclin-dependent kinases to 
allow DNA repair. The nuclear proto-oncogene, c-myc, 
also has been implicated in the control of cell prolifera- 
tion, differentiation, and apoptosis (41). It is well estab- 
lished that the partner protein Max is essential for c-Myc- 
mediated apoptosis whereas Mad or Mxi repress c-Myc 
function. Like c-myc, proto-oncogenes c-fos and c-jun 
encoding AP-1 (Fos/Jun) transcription factors have been 
shown to play a role in cell differentiation and apoptosis 
(42). The mRNA expression of these genes is increased in 
some cell types following growth factor withdrawal, and 
the inhibition of these genes rescues apoptosis, whereas m 
other cells in different settings, these genes exert a protec- 
tive effect for apoptosis [reviewed in (42)]. 

There is limited information of a role of oncogenes in 
apoptosis associated with ischemic acute renal failure. 
Regarding the proapoptotic effectors, recent in vivo stud- 
ies showed upregulation of p53 (10,14), c-myc (10,14), 
c-fos, and c-jun (43,44) in renal tubule cells of ischemic 
kidney during reperfusion. However, one study demon- 
strated that in the ex vivo perfused kidney, c-fos mRNA 
increased during ischemia without reperfusion (45). 
mRNA expression of these genes has been shown to be 
inhibited by N- acetylcysteine (44,46), suggesting a role of 
oxidants or the redox state in regulation of these genes 
(42). The proto-oncogenes, c-myc, c-fos, and c-jun are 
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immediate early growth response genes and also regulate 
autogenic activity for cell growth and proliferation (42). 
The replacement of injured cells and cell proliferation are 
necessary for recovery. Both apoptotk and mitotic effects 
of these genes may facilitate removal and recovery of in- 
jured tubular epithelium in acute renal failure, although 
it is not known how the paradoxical effects of these genes 
are regulated. 

The Bcl-2 family of proteins is the best characterized 
apoptotic effectors, and some members (Bcl-2 and Bel- 
X L ) function as antiapoptotic factors and others {Bax, 
Bad or Bcl-X,) promote apoptosis {reviewed in (47)]. The 
Bcl-2 family of proteins modulates mitochondrial cyto- 
chrome c release, alteration of mitochondrial permeabil- 
ity transition (MPT) that leads to free radical production 
(48), ATP depletion (49), and release of other proteins 
such as apoptosis- inducing factors and caspases (48), all 
of which are potential factors of inducing apoptosis. Bcl-2 
or Bcl-X L prevents these phenomena, thereby suppress- 
ing apoptosis, while Bax or Bad accelerates the apoptotic 
process by inhibiting the protective function of Bcl-2 or 
Bcl-X L . 

Despite extensive studies in other fields, there is only 
limited information on a role of bcl-2 family genes in 
ischemic acute renal failure. In vivo Bcl-2 and Bax pro- 
teins have not been detected in the kidneys during isch- 
emia (50,51), whereas bcl-2 mRNA expression was in- 
creased after reperfusion (51). As with the in vivo situa- 
tion, the study by Saikumar et al (17) showed that in 
cultured rat proximal tubule cells, Bcl-2 protein could 
not be detected. Overexpression of bcl-2 can prevent re- 
lease of mitochondrial cytochrome c thereby suppressing 
apoptosis in renal tubule cells induced by hypoxia/ reoxy- 
genation (17). Overexpression of bcl-2 also rescues ne- 
crosis induced by hypoxia/reoxygenation (17) or oxi- 
dants in renal tubular cells by preserving mitochondrial 
integrity and increasing the mitochondrial capacity of 
buffering calcium (52). These data imply that the Bcl-2 
family of proteins can regulate both apoptotic and ne- 
crotic pathway, and that these two forms of cell death may 
share some common signaling pathway. 

The expression of bcl-2 mRNA and Bcl-2 protein has 
been demonstrated in the regenerating proximal tubules 
of the outer medulla, indicating that the expression of 
antiapoptotic proto-oncogenes correlates well with the 
regenerating process of renal tubules (51). On the other 
hand, the expression of bax mRNA and Bax protein has 
been shown to be increased 1 to 7 days following isch- 
emia, and was localized in the distal tubules, cortical col- 
lecting duct and medullary thick ascending limb of Hen- 
le's loop but not the proximal tubules (51). These data 
imply that the regulation of antiapoptotic and proapop- 
totic oncogenes may vary with cell types in the kidney and 
that this may account for the occurrence of apoptosis and 
susceptibility to apoptotic stimuli during the acute phase 



of acute renal failure as well as the regeneration process 
during the recovery phase of the disease. 

Mitochondria 

It is now widely accepted that mitochondria play a key 
role in the decision of cells to undergo apoptosis or ne- 
crosis (49) and in regulating the apoptotic process (48, 
49). Evidence for a role of mitochondria in apoptosis 
comes from the following: 1) The change in mitochon- 
drial permeability transition (MPT) precedes and triggers 
nuclear apoptosis whereas the stabilization of MPT by 
antiapoptotic proteins (Bcl-2 or Bcl-X L ) or cyclosporine 
A rescues apoptosis. 2) The volume dysregulation of mi- 
tochondria when PT pore opening occurs can result in 
the release of cytochrome c, which in turn activates 
caspase-9 by forming a complex with Apaf-1, pro- 
caspase-9, and dATP (53). Mitochondria dysfunction 
may also release other proteases such as caspases and ap- 
optosis-inducing factors (48) under some circumstances. 
3) The change in MPT results in production of reactive 
oxygen metabolites (ROM) and cessation of mitochon- 
drial ATP production leading to ATP depletion. The 
change in MPT also leads to the increase in intracellular 
calcium, known as an inducer of apoptosis (54), and this 
in turn results in further dysfunction of mitochondria 
(49). The redox state in mitochondria is also a determi- 
nant for apoptosis (54). When MPT results in severe ATP 
depletion, necrotic cell death ensues, but when MPT oc- 
curs without ATP depletion, apoptosis occurs (49). This 
may be relevant to the fact that mild ATP depletion in- 
duces apoptosis whereas severe depletion of ATP induces 
necrosis in renal tubule cells (5-7). As described earlier, 
an in vitro study showed that ATP depletion results in 
release of mitochondrial cytochrome c and translocation 
of Bax protein from cytosolic to mitochondrial mem- 
brane and that overexpression of Bcl-2 prevented mito- 
chondrial cytochrome c release and apoptosis in renal 
tubule cells (17). 

Reactive Oxygen Metabolites 
DNA fragmentation and/or morphological evidence of 
apoptosis has been reported in several in vitro and in vivo 
models of acute renal failure in which reactive oxygen 
metabolites (ROM) have been implicated [reviewed in 
(55)], including hypoxia/reoxygenation and ischemia/ 
reperfusion injury, and HgCl2- and cisplatin-induced in- 
jury. The role of ROM ( 56,57) in apoptosis has been sup- 
ported by the following: 1) ROM can induce apoptosis 
in a variety of cells, including renal tubule cells (58,59); 
2) the generation of these metabolites and depletion of 
intracellular glutathione level precede and are associated 
with apoptosis; 3) oxidized lipoprotein and lipid hy- 
droperoxides can induce apoptosis; 4) apoptosis can be 
blocked by inhibiting or neutralizing ROM, including re- 
nal tubule cells following ischemia/ reperfusion injury 
(44); and 5) down-regulation of superoxide dismutase 
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causes apoptosis. The extent of ROM formation and the 
cell's ability to detoxify them may be a determinant for 
apoptosis or necrosis, since mild stimuli cause apoptosis 
and severe insults induce necrosis in models of oxidant 
injury (16,58,60). 

ROM are generated in response to a wide variety or 
apoptotic stimuli. Intracellular sources of ROM include 
mitochondria, which appear to be the most important 
source, the microsomal cytochrome P450 system, and 
plasma membrane NAD(P)H oxidases (56). Oxidants 
trigger a variety of mediators involved in apoptosis in- 
cluding growth factor-/31 (61), Apo-l/Fas ligand (62), 
mitochondrial permeability transition (49), p53 (63), 
caspases (64), ceramide (65,66), and others (67-69). In 
addition, oxidant stress also results in reduction of redox 
state. The ftinction of many proteins, including growth 
factor receptors, protein kinases such as mitogen-acti- 
vated protein (MAP) kinases, protein phosphatases, G 
proteins, transcription factors, AP- 1 , NF-kB, and p53, are 
regulated by their redox state [reviewed in (57,68)] . AP- 1 , 
characterized as an antioxidant-responsive factor, may 
also be a modulator of apoptosis (68). Thus, cellular re- 
dox equilibrium may prevent apoptosis by suppressing 
"death" genes through antioxidant-responsive transcrip- 
tion factors. 

Little is known of cellular targets for ROM in acute 
renal tubular injury. As described, the potential relevance 
of ROM in regulation of oncogenes maybe the alteration 
of bcl-2 expression in renal tubule cells in several models 
of acute renal failure in which oxidants are implicated, 
including ischemic acute renal failure (51) as well as the 
protective effect of antioxidants on expression of pro- 
apoptotic genes in acute renal failure (44,46). As apopto- 
tic effectors, activation of Jun N-terminal kinase (JNK)/ 
MAP kinases has been shown to inhibit cell growth and 
promote apoptosis (70). Recent studies showed that these 
kinases are downstream of ROM (67). In fact, activation 
of JNK/MAP kinases has been demonstrated in the heart 
and kidney following ischemia/reperfusion injury (11). 
However, it remains to be elucidated whether these me- 
diators regulated by ROM play a role in apoptosis in acute 
renal tubular injury. 

Caspases 

The caspases (ICE/CED3 family of proteases) are a family 
of cell death proteases that play a key role in the execution 
of apoptosis. The term caspases signifies two distinct 
properties of these enzymes, in which V refers to the 
cysteine proteases and aspase denotes their specificity to 
cleave after aspartic acid (71). The first caspase was dis- 
covered in 1993 when it was shown that cell death gene 
CED3 in Caenorhabditis elegans has sequence homology 
to caspase- 1, which was then called the interleukin-1/3 
converting enzyme (72). So far, 14 members of the 
caspase family have been identified from mammalian 



cells (73,74). Overexpression of executioner and initiator 
caspases in transfected cells results in DNA fragmenta- 
tion and cell death in a variety of transfected mammalian 
cell lines (75,76). At least 40 different protein substrates 
for caspases have been recognized, including DNA repair 
enzymes (76), DNA fragmentation factor, which is re- 
sponsible for internucleosomal DNA cleavage (77,78), 
nuclear structural proteins, cytoskeleton proteins, and 
caspases themselves (73,75). It is assumed that these or 
more unknown substrates cleaved by caspases are re- 
sponsible for the changes that occur during the process of 
apoptosis. 

Currently there is limited information on the role of 
caspases in ischemic renal tubular cell injury. In our pre- 
vious studies, we have demonstrated the participation of 
caspases in hypoxic injury to renal tubular cells (79) and 
ischemia/reperfusion injury to kidneys (80). We have 
shown that chemical hypoxia with antimycin A results in 
increased caspase activity that precedes DNA damage and 
cell death and that the inhibition of caspases prevents 
hypoxia-induced DNA damage and cell death in LLC- 
PK1 cells (79). Partial ATP depletion in MDCK cells in- 
duced by chemical hypoxia also has been shown to result 
in apoptosis with a marked increase in the activation of 
caspase-8 (81). In a related study, activation of caspase-3 
during hypoxia or ATP depletion has been shown to be 
accompanied by cytochrome c release from mitochon- 
dria (17). Using an in vivo model of ischemia/reperfusion 
injury, we have demonstrated both activation as well as 
increased expression of caspase- 1 and caspase-3 mRNA 
(80). These data indicate the differential regulation of 
caspases and their role for apoptosis in ischemic acute 
renal failure. 

Ceramide 

It is now recognized that the products formed by hydro- 
lysis of membrane phospholipids can serve as key mole- 
cules in cell signaling pathways (82,83). Recently, cer- 
amide, a metabolite of sphingolipids, has been implicated 
as playing an important role in the cell signaling pathway 
involved in growth arrest, differentiation, and apoptosis 
(83). Exogenous ceramide or other analogs can induce 
apoptosis in a variety of cells, and an increased ceramide 
level has been demonstrated in apoptosis in response to 
stimuli (82,83). 

Ceramide is generated by two major pathways: con- 
densation of sphinganine or sphingosine and fatty acyl- 
CoA by ceramide synthase, or degradation of sphingomy- 
elin mediated by sphingomyelinases (82,83). Most stud- 
ies have shown that increased ceramide generation is 
mediated by sphingomyelinases (82,83). In the kidney, 
recent studies by Zager et al (84,85) showed an increased 
ceramide level during reperfusion of ischemic mouse kid- 
ney and in hypoxic renal tubule cells accompanied by a 
decrease in sphingomyelinase activity. In our previous 
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studies, we have shown that subjecting renal tubule cells 
to hypoxia results in a rapid increase in ceramide gener- 
ation due to ceramide synthase activation and that inhi- 
bition of ceramide synthase prevents hypoxia-induced 
ceramide generation, DNA fragmentation, and necrotic 
cell death (S6,87). Exogenous ceramide results in DNA 
damage and cell death similar to the effect of hypoxia. 
These data suggest that ceramide may be a regulator of 
renal tubular cell injury. Ceramide can trigger apoptosis 
through a wide variety of intracellular targets: ceramide- 
activated protein kinase (CAPK), INK, or MAP kinases, 
proto-oncogenes such as c-myc, Vav (Ras-activating gua- 
nine nucleotide exchange factor), ceramide-activated 
protein phosphatase (CAPP), Raf-1 kinase, phospho- 
Hpases, PKC f, transcription factors such as NF-kB, and 
caspase-3 [reviewed in (S3)]. The potential relevance of 
ceramide to renal tubular injury has also been suggested 
by the fact that TNF-a, a well-known inducer of cer- 
amide, induces or enhances apoptosis in renal tubule cells 
(88) and the increase in TNF can be seen in several mod- 
els of acute renal failure. Activation of JNK/MAP kinases 
(11) and caspases occurs in ischemia/reperfusion injury 
to kidneys or hypoxia to renal tubular cells (79,80), and 
ceramide is capable of regulating these mediators. Thus, 
it is possible that ceramide may be a secondary effector of 
both apoptosis and necrosis in acute renal tubular injury. 
Further studies would be necessary to determine the role 
of ceramide in apoptosis in renal tubular injury. 

APOPTOTIC PATHWAYS IN 
ENDOTOXIN-INDUCED, TOXIC, AND 
OTHER CAUSES OF ACUTE RENAL 
FAILURE 

Endotoxin-Induced Acute Renal Failure 
Endotoxemia is one of the important causes of acute renal 
failure, and apoptosis has been shown to be associated 
with this model of renal injury (Table 2). Recent in vitro 
studies showed that apoptosis occurs in renal tubule cells 
in response to verotoxins (25) and Escherichia coli Shiga- 
like toxins (89,90). These experimental data have been 
supported by clinical studies in which apoptosis was seen 
In renal tubule cells from patients with hemolytic uremic 
syndrome (25,90). The mechanisms of endotoxin-in- 
dnced apoptosis in renal tubular cell injury are not 
known; however, there are several lines of evidence for a 
role of cell surface receptor-initiated cell signaling, anti- 
apoptotic oncogenes, caspases, and some mediators. For 
example, lipopolysaccharides (LPS) and TNF-a enhance 
mRNA expression of Fas in renal tubule cells, and apo- 
ptosis occurs following treatment with anti-Fas antibody 
: n the presence of LPS (27). In addition, it was shown that 
TNF-a enhances endotoxin-induced apoptosis in renal 
tubular cells (25,89). Similar observations have been ob- 



tained from in vivo studies in which LPS could induce 
apoptosis in the kidney (27,91) accompanied by in- 
creased expression of Fas and TNF-a (27). Additionally, 
the ability of plasma from patients with thrombotic 
thrombocytopenic purpura and sporadic hemolytic ure- 
mic syndrome to induce enhanced Fas expression and 
apoptosis has been demonstrated in endothelial cells 
(92), and this phenomenon could be inhibited by over- 
expression of bcl-2 and inhibitors of caspases (93). These 
data imply that following exposure to endotoxins, the 
ligation of TNF superfamily receptors occurs, thereby ac- 
tivating caspases leading to apoptosis, and that Bcl-2 fam- 
ily proteins function as a regulatory effector in this pro- 
cess of endotoxin-induced acute renal failure. LPS can 
activate NF-kB in renal tubular cells (94), which may 
function as both proapoptotic and antiapoptotic effec- 
tors in different cells and different settings (95,96). These 
data suggest that endotoxin-induced NF-kB-dependent 
cell signaling may also participate in the apoptotic pro- 
cess of endotoxin-induced acute renal failure. 

Toxic Acute Renal Failure 

Agents used for diagnosis and treatment can trigger apo- 
ptosis in renal tubule cells (Table 2). They include che- 
motherapeutic agents such as cisplatin (5,97-100) and 
doxorubicin (101), cyclosporine A (102), radiocontrast 
(15,103), and thiazide diuretics (104). Antibiotics also 
may have the potential to induce apoptosis. An experi- 
mental study showed that gentamkin induced apoptosis 
in renal distal tubules during the acute phase and in prox- 
imal tubules during the recovery phase (105). Apoptosis 
has been shown in renal distal tubules in a patient who 
received an overdose of ciprofloxacin (106). Other neph- 
rotoxins such as mercury chloride (HgCl2) (60) and cad- 
mium ( 107,108) can induce apoptosis (Table 2). The se- 
verity of insults is a determinant for whether cells un- 
dergo apoptosis or necrosis, because the lower dose of 
agents such as cisplatin (109) and HgC12 (60) can induce 
apoptosis whereas the higher dose causes necrosis. 

Although the mechanisms of apoptosis in toxic acute 
renal failure are not known, growth factors have been 
implicated as modulators of apoptosis in toxic acute renal 
failure. An increased level of HGF has been shown in 
acute renal failure induced by HgC12 (30), and a de- 
creased level of EGF has been demonstrated in cisplatin- 
induced acute renal failure (30). In vitro and in vivo stud- 
ies have shown the beneficial effect of administration of 
HGF on preventing apoptosis in renal tubule cells in- 
duced by cisplatin and HgC12 (99,110). 

Although only limited information is available, a role 
for oncogenes as apoptotic effectors has been suggested. 
Nephrotoxins can increase proapoptotic oncogenes, 
thereby initiating apoptosis. For example, exposure of re- 
nal tubule cells to cadmium (108) and S-(l,2-dichlorovi- 
nyl)-L-cysteine (111) has been shown to increase c-myc 
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e2 . Fvidence for Apoptosis from In Vitro and In Vivo Models of Endotoxin-induced and Toxic Acute Renal Failure 



Source 



DNA Apoptotic 
Fragmentation Morphology 



Comments 



References 



In Vitro 

Endotoxins Human TEC 
Human TEC 

Human TEC 
Oxidant stress LLC-PK1 
NRK 

Cisplatin Mouse PTC, CDC 

Mouse PTC 

Mouse CDC 
HgCU LLC-PK1 
Radiocontrast MDCK 
Cadmium LLC-PK1 



In Vivo 
Endotoxins 



Oxidants 
Cisplatin 



Human 
Mouse 

Mouse 
Rat 



Radiocontrast Rat 

Gentamicin Rat 

Doxorubicin Rat 

Cyclosporine Rat 

Thiazide Rat 

Cadmium Rat 

Ciprofloxacin Human 



+ 
+ 

+ 

+ 
+ 
+ 



+ 
+ 



+ 



+ 

+ 



+ 
+ 



+ 
+ 



£. coli Shiga toxins causes DNA damage. 
Verotoxins cause DNA damage. CHX or 

TNF enhances apoptosis. 
E. coli Shiga-like toxin induces apoptosis. 
High dose of H202 causes necrosis. 
EGF prevents apoptosis. 
c-fos increases. ActD or CHX prevents 

apoptosis. 
Bcl-2 and crm A inhibit apoptosis. 
High dose of cisplatin causes necrosis. 
HGF prevents apoptosis. 
High dose of HgCl2 causes necrosis. 
CHX enhances apoptosis. 
c-myc increases but its inhibition does not 

affect cell death. 

Apoptosis occurs in tubule cells. 

£ coli 01 57:H7 results in apoptosis in 

tubules. 
Apoptosis occurs in PTC. 
DNA damage occurs in DTC and CDC. 

Inhibition of p2lWAFl worsens injury. 
DNA damage occurs in TAL. 
Apotosis occurs in DTC during acute phase 

and in PTC during regenerative phase. 
Apoptosis occurs in PTC and DTC. 
Apoptosis in tubule and interstitial cells. 

Inhibition of Agll receptor and nitric 

oxide prevents apoptosis. 
Apoptosis occurs in DTC. 
Apoptosis occurs in PTC. 
Apoptosis occurs in TAL. 



S9 
25 

90 
5S 
127 
98 

97 
5 
99 
60 
103 
108 



90 
90 

59 
100 

15 
105 

101 
102 



104 
107 
106 



PTC = proximal tubule cell; DTC = distal tubule cells; CDC = 
CHX = cydoheximide; ActD = actinomycin D; TNF = tumor 
TGF-J3 - transforming growth factor-0; Ag - angiotensin. 



= collecting duct cells; TEC = tubular epithelial cells; TAL = thick ascending limbs; 
necrosis factor; EGF = epidermal growth factor; HGF = hepatocyte growth factor; 



mRNA expression. Forced c-myc expression can induce 
apoptosis in LLC-PK1 cells. Under the condition in 
which necrosis is the predominant type of cell death in- 
duced by S-(l,2-dichlorovinyl)-L-cysteine, overexpres- 
sion of c-myc biases the cell death pathway toward apo- 
ptosis (11 1). In the same renal tubule cell line, cadmium 
increased c-myc mRNA expression, whereas the inhibi- 
tion of c-Myc expression failed to rescue apoptosis (108). 
These data suggest a role of the proapoptotic oncogene, 
c-myc, in promoting apoptosis; however, the c-myc-de- 
pendent cell signaling pathway toward apoptosis may 
vary with toxins. As with other proapoptotic oncogenes, 
upregulation of c-fos mRNA has been shown in renal 
tubule cells exposed to cisplatin (97) or cadmium (46). 
Overexpression of bcl-2 has been shown to rescue cispla- 
tin-induced apoptosis (97,98). In addition, it was shown 



that cisplatin induced more profound apoptosis in the 
kidney of p2 1 -knockout mice as compared with wild type 
mice, indicating that a cell-cycle inhibitory protein p21, 
which is partly regulated by p53, maybe cytoprotective by- 
preventing DNA-damaged cells from entering the cell- 
cycle to die (100). These data suggest a role of proapop- 
totic and antiapoptotic effectors in modulating apoptosis 
in toxic acute renal tubular injury. However, these gene- 
initiated cell signaling pathways may vary with stimuli, 
and the severity of stimuli may determine whether cells 
undergo apoptosis or necrosis. 

Caspases are involved in apoptosis associated with 
toxic acute renal failure. Activation of caspase-3 was re- 
cently shown to be accompanied by cisplatin- induced cell 
death in mouse proximal tubular cells (112) and in di- 
chlorovinylcysteine (DCVC)-induced apoptosis in rat re- 
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Table 3. Evidence for Apoptosis In Vivo Models of Other Causes of Acute Renal Failure 
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Comments 



References 



In Vivo 








Apoptosis occurs in PTC and DTC. 




Allografts 


Human 


-t- 




114 


Human 






p53 and Bax increase with rejection. 


1 1 s 
i u 




Human 




? 


Apoptosis occurs in PTC and DTC. 


116,120 




Human 


+ 


+ 


Fas increases. 


119 


Hydronephrosis due to 
ureteral obstruction 


Rat 
Rat 


t 
-i- 


+ 


EGF protects apoptosis. 

Apoptosis occurs in DTC and interstitium. 


123 
125 


Rat 




+ 


Increased p53 and Agll receptor blockade 
prevents apoptosis. 


122,126 




Rat 


+ 


7 


TGF-01 increases and EGF protects 
apoptosis. 


124 


Renal artery stenosis 


Rat 


+ 




Apoptosis occurs in atrophic tubules. 


128 



Abbreviations listed in Tables I and 2. 

nal tubular cells (1 13). Overexpression of crmA, a cow- 
pox virus gene known to inhibit caspases, provided 
marked protection against cisplatin-induced apoptosis in 
mouse proximal tubular cells (97,98). In DCVC-induced 
apoptosis, the caspase-3 activation was associated with 
cleavage of focal adhesion kinase and loss of focal con- 
tacts in rat renal tubular cells. Inhibition of caspase activ- 
ity with zVAD-fmk has been shown to rescue cleavage of 
focal adhesion kinase and apoptosis in these cells (113). 
Taken together these data imply that caspases function as 
an executioner of apoptosis induced by toxic acute renal 
failure. 

Transplant Rejection and Other Causes of Acute 
Renal Failure 

Apoptosis has been shown in allograft kidneys from pa- 
tients with acute or chronic rejection (114-1 16) {Table 
3). It was also shown that DNA fragmentation in situ 
occurs during reperfusion in human renal allografts from 
cadaveric donors but not living- related donors (117). Al- 
though the role and mechanisms of apoptosis during re- 
jection of allografted kidneys are not known, it appears 
likely that some apoptotic effectors regulate the rejection 
process. One of the potential effectors is a member of the 
TNF superfamily of cell surface receptors. Increased 
mRNA expression of Fas or FasL has been demonstrated 
in experimental models of acute and chronic rejection of 
.ulograft kidneys in mice (1 IS) and in patients with acute 
rejection (119). Renal tubule cells express Fas (22) and 
TNF-a (23), and infiltration of cytotoxic T lymphocytes, 
in which Fas-FasL and TNF-a are highly expressed (20, 
21), are often seen in rejected kidney allografts (120). 
Such lymphocytes might trigger TNF-a and Fas-FasL- 
mediated pathways of targeted renal tubule cells to un- 
dergo apoptosis, leading to graft rejection. Proapoptotic 
ind antiapoptotic oncogenes may have the potential of 
regulating apoptosis and graft function. Increased ex- 
pression of p53 and Bax proteins (115) and decreased 



Bcl-2 protein expression (115,121) have been shown in 
renal tubules of allograft kidneys with acute or chronic 
rejection as compared with normal functioning allo- 
grafts. These data might imply that the balance between 
proapoptotic and antiapoptotic effectors is crucial in the 
regulation of apoptotic pathways for rejection and graft 
survival. 

Apoptosis occurs in other causes of acute renal failure 
(Table 3). Hydronephrosis due to ureteral obstruction 
also has been shown to induce apoptosis or DNA frag- 
mentation in the kidney (122-125). Although the mech- 
anisms of apoptosis in renal injury due to ureteral ob- 
struction are not known, increased levels of proapoptotic 
effectors such as TGF-J31 (124) and p53 (126) have been 
reported. Treatment with angiotensin-converting en- 
zyme inhibitors has been shown to suppress p53 expres- 
sion and apoptosis (126). These data indicate the poten- 
tial role of ligation of angiotensin II to its type 2 receptor 
(AT2) in regulating apoptosis, thereby affecting remod- 
eling or repair of renal tubule cells. Growth factors also 
accelerate the recovery of acute renal failure due to ob- 
structive nephropathy (37,1 10,123,124) and thus play an 
important role in both apoptosis and mitosis in this 
model of renal tubular cell injury. 

THERAPEUTIC IMPLICATIONS OF 
APOPTOSIS 

It is still premature to seek therapeutic benefits based on 
our current knowledge of apoptosis in human diseases, 
including acute renal failure. Nonetheless, treatments 
that can increase the apoptotic thresholds of cells may be 
beneficial in the diseases associated with cell loss (4). Po- 
tential treatments for acute renal failure could be phar- 
macologic inhibitors of apoptosis or promoters of cell 
survival, such as the use of growth factors to promote cell 
recovery after insults to kidney (1 10) or treatment with 
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antioxidants to prevent apoptosis in acute ischemic renal 
failure (44). 

Theoretically, the modification of the genes involved in 
apoptosis, such as bcl-2 and caspases, could be potential 
treatments. However, the expression of such genes is dif- 
ferent in every disease state or organ, and it is unlikely that 
most diseases are characterized by a generalized increase 
in either susceptibility or resistance to apoptosis (4). Ad- 
ditionally, one has to keep in mind that treatments that 
promote cell survival by modulating these genes may en- 
hance tumor progression or development of autoim- 
mune disease. Thus, systemic modification of such medi- 
ators of apoptosis might be problematic. Instead, one 
future application of current knowledge regarding apo- 
ptosis may be in designing safer and individual organ- 
targeted gene therapy. 



CONCLUSION 

Along with a rapid growth of interest of cell biology has 
come new thinking regarding the apoptotic mode of cell 
death. In the body, individual cells or organs have evolu- 
tionary conserved pathways that regulate cell growth, dif- 
ferentiation, and apoptosis; and the balance among these 
events appears to be crucial in the maintenance and re- 
pair of organs. The cell signaling pathway toward apopto- 
sis can be triggered and regulated differently from cell to 
cell or organ to organ in different settings. Additionally, it 
is likely that many features of the cell signaling process 
leading to apoptosis are shared with those associated with 
necrosis. The cell death pathway that is followed by the 
cell, namely, necrosis or apoptosis, maybe dependent on 
both the nature and the severity of insults. These obser- 
vations can be applicable to acute renal tubular injury. A 
better understanding of the mechanisms of apoptosis 
may provide safer and more specific therapeutic inter- 
ventions for acute renal failure. 
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